Sharp-wave-ripple (SPW-R) complexes are believed to mediate memory reactivation, transfer, and consolidation. However, their underlying neuronal dynamics at multiple scales remains poorly understood. Using concurrent hippocampal local field potential (LFP) recordings and functional MRI (fMRI), we study local changes in neuronal activity during SPW-R episodes and their brain-wide correlates. Analysis of the temporal alignment between SPW and ripple components reveals well-differentiated SPW-R subtypes in the CA1 LFP. SPW-R-triggered fMRI maps show that ripples aligned to the positive peak of their SPWs have enhanced neocortical metabolic up-regulation. In contrast, ripples occurring at the trough of their SPWs relate to weaker neocortical up-regulation and absent subcortical down-regulation, indicating differentiated involvement of neuromodulatory pathways in the ripple phenomenon mediated by long-range interactions. To our knowledge, this study provides the first evidence for the existence of SPW-R subtypes with differentiated CA1 activity and metabolic correlates in related brain areas, possibly serving different memory functions.
M emory processes require mechanisms for large-scale integration of neuronal activity, in which information processing is precisely coordinated at multiple scales. A prominent example of such phenomenon is the replay of specific sequences of action potentials of hippocampal and neocortical neurons, reflecting previous experiences during wakefulness (1) (2) (3) (4) (5) (6) (7) . Sharpwave-ripple (SPW-R) complexes observed in the hippocampal CA1 local field potential (LFP) mark the reactivation of these sequences by the simultaneous occurrence of two distinct but related phenomena: a strong LFP deflection, known as sharp wave (SPW), and a high-frequency oscillation known as ripple (8, 9) . SPW-R episodes are thought to reflect brain-wide processes mediating memory consolidation (10) (11) (12) (13) . However, the largescale cooperative mechanisms associated to these episodes and their relationship to the observed SPW-R electrical signature remain largely unknown. Investigating this relationship is critical for understanding memory processes at a system level and may provide new insights into the mechanisms of pathological fast ripples observed during epilepsy (14) .
Although they were initially thought to occur during slow-wave sleep and quiescence periods, later on SPW-R and sequence replay were also observed during or shortly after active behavior (15) (16) (17) . Moreover, many SPW-Rs occur at path choice points (18, 19) , which are also locations where vicarious trial and error are reported (20) . Thus, reactivation of memory sequences during SPW-Rs could provide a convenient mechanism not only for consolidation of long-term memory (4) but also for quickly recalling memories during awake state, serving various cognitive functions (21) . The generation of SPW-R complexes in these various contexts likely involves brain-wide network mechanisms, and as a consequence, SPW-R-related brain dynamics may vary, reflecting different types of interactions with cortical and subcortical systems. These interactions may in turn affect the underlying dynamics of hippocampal circuits, thus modifying the observed SPW-R-associated functional activity at multiple scales.
In this work, we investigate how the LFP signature of SPW-R events varies during ongoing activity at a given CA1 recording site, and whether these variations reflect differences in the coordination of neural activity at multiple scales, possibly related to different functions. We test our hypothesis by studying the SPW-R correlates at mesoscopic and macroscopic scales. Specifically, using multisite hippocampal LFP recordings and functional MRI (fMRI) in anesthetized rhesus monkeys (Macaca mulatta), we examine the spatiotemporal properties of SPW-R complexes with a multivariate clustering approach. This approach revealed that recorded multisite SPW-R LFP activity can be classified in four subtypes differing in the temporal SPW-to-ripple coupling and low-frequency SPW pattern. On the one hand, SPW-Rtriggered fMRI statistical maps suggest that ripples synchronized to the positive peak of their SPWs mark enhanced neocortical activations. On the other hand, ripples occurring at the trough of their SPWs reveal weak or absent down-regulation in subcortical structures, especially in two neuromodulatory structures: dorsal raphe nucleus and locus coeruleus. Altogether, our results show that hippocampal episodes displaying specific SPW temporal patterns and distinct couplings between SPWs and ripples may instantiate cortico-and subcortico-hippocampal interactions of different nature, possibly associated with specific memoryrelated functions.
Significance
Sharp-wave-ripple (SPW-R) episodes observed in the electrical activity of mammalian hippocampus are traditionally associated to memory consolidation during sleep but have been recently observed during active behavior. Their involvement in various cognitive functions suggests the existence of SPW-R subtypes engaged in distinct neuronal activity patterns at multiple scales. We use concurrent electrophysiological and functional MRI (fMRI) recordings in macaque monkeys to investigate this hypothesis. We discover several subtypes of SPW-R with distinct electrophysiological properties. Importantly, fMRI recordings reveal differences between the large-scale signatures of SPW-R subtypes, indicating differentiated interactions with neocortex, and contributions of neuromodulatory pathways to the SPW-R phenomenon. Understanding the detailed properties of hippocampal SPW-Rs at multiple scales will provide new insights on the function of memory systems.
Results
Four Subtypes of SPW-R Complexes. To study the variability of SPW-R complexes, we analyzed extracellular recordings and characterized the temporal and frequency profile of LFPs of the macaque hippocampus. Multicontact recording electrodes were positioned in CA1 on the basis of high-resolution structural MRI scans and on-line tracking of stereotypical hippocampal neuronal response profiles (see Materials and Methods for details). Fig. 1 depicts a schematic representation of the recording configuration and typical electrode penetration (Fig. 1A) , together with an example of a typical SPW-R complex signature across multiple electrode tips ( Fig. 1 B and C) . SPW-R amplitude, duration (∼100 ms) (Fig. 1B) , current source density (CSD) profile (Fig. 1D) , and spectrogram ( Fig. 1E) are consistent with previous studies in macaque monkeys (22) . To check the stability of the level of anesthesia, we monitored the power of hippocampal LFP in the theta frequency band (4-8 Hz) (23) . Each experiment of a given session was divided into two blocks (5 min each). The distribution of theta power in these two blocks was assessed by randomly choosing time intervals of 1 min (for a total of 50 time intervals) within the block and computing its theta power using Morletwavelet spectrograms (see Materials and Methods). Our analysis revealed no significant differences between the first block and second block of each experiment (n = 242 experiments; P > 0.69, paired-samples permutation t test). Theta activity was thus stable across experiments of single-recording sessions, reflecting no putative fluctuations on the anesthesia levels ( Fig. S1 A and B) .
To study the dynamics of SPW-Rs, we have initially identified candidate events using the process described in ref. 24 , coupled with several refinements. Briefly, oscillatory events were initially detected as peaks in the envelope of the broadband LFP (10-250 Hz). Candidate events were clustered on the basis of their spectral signatures, and only events exhibiting increases in their spectra above 80 Hz were identified as ripples. Detection of ripples was further refined by quantifying the Z-scored power in the ripple frequency band (80-180 Hz) and ripple localization in time. Only events satisfying stringent localization and power profile criteria were taken into account for further processing steps (see full procedure in SI Section A).
To quantify the variability in hippocampal LFP during SPW-R events, we first compared their spatiotemporal signature. We asked whether this variability supported the existence of welldifferentiated SPW-R event types, possibly reflecting distinct microcircuit dynamics and functional roles. As a preliminary step, we first aligned perievent waveforms with respect to the averaged ripple power peak across recording sites. We next used a two-step procedure to cluster the detected and aligned SPW-R events as illustrated in Fig. S2 . The cluster analysis procedure was performed for each experimental session separately. First, we grouped the spatiotemporal SPW-R series into 200 representative signals using a growing neural gas (GNG) algorithm (25) . Each representative signal is the average of a group of raw perievent signals with similar time courses (Fig. S2 A and B) . It is worth noting that GNG does not extract particular features of the signals but represents them solely based on their corresponding time courses in an unsupervised manner. In the second step (Fig. S2C) , we clustered these representative signals based on their cosine similarity using the normalized cuts algorithm (26) (see SI Section A for details).
We applied this two-step algorithm to 12 experimental sessions (a total of ∼11,000 detected SPW-R complexes). The results of the clustering procedure were consistent across all experimental sessions and animals, and did not vary significantly due to recording channel selection (the algorithm was amenable to one or multiple recording channels). However, it was difficult to determine whether SPW-R complexes were truly clustered or they only existed as part of some continuum. To address this question, we devised two procedures: clustering quality analysis, and cluster consistency analysis (see SI Section A for methodological details, and Fig. S3 ). The first analysis revealed that the population of SPW-R complexes in the CA1 field is best represented by four LFP signatures. Furthermore, the second procedure revealed that clustering consistency across experimental sessions was significantly higher than chance (P < 10 , t test; mean value with 95% confidence interval for clustering consistency, 74.17% ± 1.63%). increases. We found that results were very consistent from one experimental session to another. As additional evidence, Fig. S4 shows results from another anesthetized experimental session (monkey e10). As previous results have shown, single-event ripple band traces and spectrograms show that nonclassical ripples appear localized in line with our selection criteria (Materials and Methods), and in good agreement with ripple events reported in the literature (9, 27) . It is worth noting that each SPW-R subtype occurred concomitantly across all recording sites, displaying little depth-dependent differences. Furthermore, SPW-R episodes usually maintained the same polarity across all channels. In addition to average waveforms, we asked whether SPW-R subtypes showed differences in the frequency content of perievent LFP. Population complex Morlet-wavelet spectrograms corresponding to each SPW-R type are depicted in Fig. 2C (n = 12 experimental sessions, 4 animals). This time-frequency analysis shows a clearer low-frequency peak for classical SPW-Rs, suggesting they have higher-power sharp waves than nonclassical SPWs. In addition, the spectral profiles at ripple onset extracted from the middle vertical line of each spectrogram (Fig. 2D) show that classical ripples have higher frequency peaks [mean values with 95% confidence intervals, 110.56 ± 1.09, 127.14 ± 0.91, 125.35 ± 0.95, and 115.53 ± 0.83, respectively; pairwise bootstrapped Kolmogorov-Smirnov (KS) test, P < 10
, for the difference between frequency peaks, Bonferroni corrected] and spectral power (SI Section B and SI Section C, and (Fig. S5) . Altogether, these results suggest that SPW-R subtypes are distinct in several ways, likely reflecting a discrete set of modes for the underlying hippocampal dynamics (e.g., mediated by differentiated inputs to CA1), rather than reflecting a continuum of variations of the same phenomenon. Furthermore, these differences observed at local scales are further supported by subsequent analyses on recording sessions from one unanesthetized animal (SI Section B and Fig. S6) .
Some of the SPW-R patterns described here are in close correspondence with signatures reported in a previous macaque monkey study (22) . Our results extend previous observations on the variability of the time course of SPW-R complexes across species (9, 22, 28) . In fact, Skaggs et al. (22) suggested that ripple oscillations come before the largest deflection of SPW in macaque monkeys. Here, we demonstrate that SPWs and ripples exhibit a variety of couplings. Moreover, our findings show that SPWs also come in different shapes. In SI Section B, we further characterize SPWs and ripples of distinct type. In particular, we report comparable ripple power, and higher ripple peak frequency for classical SPW-Rs with respect to their nonclassical counterparts (see the overall ripple and SPW statistics across experimental sessions in Fig. S5 ). These differences may be related to changes in neuronal synchrony (recruitment of pyramidal neurons and interneurons) and modifications of the E-I balance resulting in a higher neuronal excitability during classical SPW-Rs. Interestingly, we also report that, although subtypes have comparable rates and appear at similar timescales ( A and B), classical sharp waves have larger autocorrelation density (P < 0.01; t test; n = 12 experimental sessions), suggesting larger burstiness for these subtypes ( Fig. S7C and SI Section B), and consistent with previous studies reporting that ripples tend to occur at comparable timescales, in time windows of increased multiunit spiking activity (29) . We now investigate the coupling of SPW-R signatures to multiunit spiking activity.
Spike-Field Coherence Reflects Differences in Population Synchrony
During SPW-R Subtypes. Ripples are correlated with single-unit and multiunit spiking activity from the CA1 pyramidal layer (9, 27) . We asked whether this was the case for the identified SPW-R subtypes.
Using the recorded multiunit spiking activity, we computed perievent time histograms (5-ms bins) for each SPW-R subtype across experimental sessions. For such a purpose, we limited our analysis to the electrode tip with the largest ripple oscillation power located in stratum pyramidale (see SI Section A for details). Our first analysis revealed a significant increase in spiking activity from baseline ( Fig. 3A ; n = 12 experimental sessions) concomitant with the ripple occurrence. Broadly, spiking activity of all SPW-R event types peaked at the same time.
Ripple events have a characteristic phase relationship to the firing of participating units (8) . We thus asked whether this relationship was the same for differentiated SPW-R subtypes. We assessed precisely the relationship between multiunit spikes and LFP phase using cross-correlation. For this analysis, the SPW-R signal was bandpass filtered in the ripple range (80-180 Hz), and we used the location of the largest trough of the oscillation as event onset reference for the cross-correlation. We then computed the ripple trough-triggered perievent time histograms (bins of 2 ms; n = 12 experimental sessions). Our results not only indicated that neuronal assemblies increase their discharge probability (Fig. 3A) during the occurrence of SPW-Rs but also revealed that unit discharges occur preferentially at the negative peaks of the ripple oscillations (ripple trough) (Fig. 3B ), in agreement with previous studies in rats (8, 9) . This finding was consistent across all SPW-R event subtypes, displaying virtually identical cross-correlograms (Fig. 3B, Top) . In addition, the average ripple oscillation signature was almost identical among SPW-R subtypes.
Differences in the relationship between multiunit spikes and LFP across SPW-R subtypes may also span over the entire frequency axis, instead of remaining localized to a particular frequency band (such as the ripple range). Hence we further studied the LFP-spike relationship of SPW-R subtypes using spike-field coherence (SFC) of each SPW-R cluster across all frequencies in the [0-200 Hz] range (30) (see SI Section A). We computed this quantity for the four SPW-R signatures independently, across all experimental sessions. SFC group results are shown in Fig. 3C for each SPW-R subtype (n = 12 experimental sessions) . Absolute values reported in Fig. 3C reveal coherency peaks both in the ripple and sharp-wave frequency bands. Classical SPW-Rs have the highest coherence values. Furthermore, the ripple-band peak of coherency of nonclassical events was consistently below that of classical SPW-Rs, in agreement with previous analyses (Fig. 2 and Fig. S6) .
We further investigated whether spikes had a consistent phase relationship to LFP at different frequencies. Phase-locking values and circular mean phase of the coherence maps are reported in Fig. 3D . Consistent with our preliminary analysis, we found that multiunit spikes were phase-locked approximately to the trough of the ripple oscillation (corresponding to a phase of π radians or 180°; Fig. 3D 
of all ripple subtypes, Bonferroni corrected). This finding most likely reflects different degrees of neuronal population synchrony 50 ms around the occurrence of the ripple oscillation for different types of SPW-R complexes, which may explain the difference between our preliminary results and those with the SFC. Furthermore, this finding also suggests that nonclassical episodes represent the activity of a less synchronous neuronal population, in agreement with results in Fig. 3C .
Finally, SFC analysis shows that multiunit spiking activity is significantly locked to the gamma rhythm. A previous study showed that a gamma rhythm is ubiquitous in the SPW-R phenomenon (31) . Notably, the results of this study suggest that SWR-related gamma coordinates CA3 and CA1 assemblies, and could coordinate the reactivation of stored memories. It is worth noting that, in the present work, we only selected "pure" ripple events taking into account a signal-to-noise ratio, thus assuring an almost unimodal ripple band power profile (24) (SI Section C). To fully account for the possible influence of putative perievent gamma oscillations, we considered all detected events, namely pure and "nonpure" events in two separate groups. In SI Section C, we show that detailed examination of SPW-R episoderelated gamma oscillations across all detected nonpure events reveal neither new SPW-R LFP signatures nor distinct electrophysiological features compared with pure events (see Fig. S8 A-D) . Interestingly, we found a transient increase of power over gamma frequencies concomitant with the occurrence of pure, nonpure, and all SPW-R subtypes (Fig. S8E ). These oscillations spread over the slow-and high-gamma range of 25-75 Hz, with a unimodal distribution of instantaneous frequencies peaking at ∼50 Hz (see Fig. S8C , Insets). We found that individual SPW-R episodes can be predicted-to a certain extent-from this transient increase in gamma power, but not their specific subtype (Fig.  S8F) . Furthermore, in line with our SFC analysis, the relationship between gamma LFP and multiunit spikes displays significant differences in phase-coupling and phase-locking value among SPW-R subtypes, further supporting our hypothesis that these episode subtypes are functionally different (Fig. S8G) . Importantly, these results demonstrate that our observations are invariant to SPW-R event detection protocols, and most likely reflect the intricate hippocampal dynamics. Furthermore, in line with ref. 31 , our data suggest that macaque SPW-Rs are also mediated by a gamma rhythm (see SI Section C and SI Section D for further discussion).
Brain-Wide Signatures During Distinct SPW-R Episodes. To investigate the differentiated signature of each SPW-R subtype on brain-wide activity, we measured neural event-triggered fMRI (NET-fMRI) for a set of regions of interest (ROIs) (24) . The occurrence of each SPW-R complex was used as a reference (trigger) to align and average the time course of the blood oxygenation level-dependent (BOLD) fMRI signal (see Materials and Methods). We defined the ROIs according to previously established functional specificity criteria (24) . We analyzed the averaged Z-scored BOLD maps for each experimental session, across four animals. Because classical SPW-R (subtypes 2 and 3) have virtually identical ripple-triggered fMRI signature, they were averaged together. First, we tracked qualitative differences in brain-wide activations for the three remaining SPW-R subtypes (subtype 1, subtype 2-3, and subtype 4).
As shown in the population analysis across all experimental sessions (n = 12 experimental sessions, 4 monkeys, Fig. 4A ; see Fig. S9 A and B for examples in individual animals), the overall NET-fMRI time courses of all subtypes matches previously reported observations: cortical up-regulation and subcortical down-regulation. However, BOLD responses related to classical SPW-Rs exhibit the largest cortical up-regulations and subcortical down-regulations. In agreement with these observations, significant differences between BOLD activations of classical and nonclassical subtypes are observed in both neocortical and subcortical domains (KS test, P < 0.02; Fig. 4B ), with larger effect over subcortical domains in the case of event subtype 1 (Fig. S9C) .
We found no significant deactivation of subcortical structures associated with SPW-R subtype 1 (t test, Bonferroni-corrected, P > 0.36), with very low amplitude or no negative deviation from zero. Interestingly, SPW-R subtype 1 was related to increased neocortical BOLD responses compared with SPW-R subtype 4, the last being associated with weak cortical up-regulation, and subcortical down-regulations qualitatively comparable to that of subtypes 2-3. The grand average NET-fMRI results are shown in Fig. 5A for a large number of ROIs. We assessed how subtype 1 and subtype 4 differed from classical SPW-Rs (subtypes 2-3) in each ROI. Because ROI-associated NET-fMRI responses exhibit similar shapes across subtypes, presenting differences mostly in magnitude, we extracted the average NET-fMRI response over the full width at half absolute maximum and compared the magnitude of up-or down-regulation for each ROI across subtypes with univariate statistical tests corrected for multiple comparisons. We found significantly higher up-regulation during classical SPW-Rs than during nonclassical SPW-Rs within the hippocampal formation, and in cortical associative areas (posterior and anterior cingulate cortex, retrosplenial area, prefrontal, temporal, and parietal cortices) (Fig. 5A ).
In support of previous analyses, nonclassical SPW-Rs gave rise to differences between subcortical down-regulation profiles. Detailed statistical analysis of all subcortical ROIs showed that differentiated BOLD activations occur in periaqueductal gray (PAG), thalamus, mesencephalon, locus coeruleus (LC), and dorsal raphe nucleus (Fig. S10B) . The last two areas are neuromodulatory structures known to exert control on the overall brain state, and may influence the emergence of SPW-Rs. Notably, we found that, compared with classical SPW-Rs, subtype 1 (Fig. 5B , red curves) was associated with weaker deactivation of LC and raphe [P < 0.002, pairwise Wilcoxon rank-sum test, false-discovery rate (FDR) corrected with q FDR < 0.05] (Fig. 5B, red bars) . In contrast, during the occurrence of SPW-R subtype 4, deactivation of the raphe was comparable to that of classical SPW-Rs (P > 0.1, Wilcoxon rank-sum test, FDR corrected with q FDR < 0.05), but LC down-regulation was significantly weaker (P < 0.002, pairwise Wilcoxon rank-sum test, FDR corrected with q FDR < 0.05) (Fig.  5B, purple bars) .
Discussion
In the present study, we identified-for the first time (to the best of our knowledge)-distinct subtypes of in vivo SPW-R patterns in a single recording site, displaying qualitative and quantitative electrophysiological differences. Our procedure reliably clusters the perievent time series into a number of event subtypes; examines their characteristic properties, such as their frequency content, amplitude, and frequency of occurrence; and maps the topology and dynamics of brain-wide metabolic activity at the time of event occurrence.
This approach revealed the existence of four hippocampal SPW-R subtypes with differentiated mesoscopic and brain-wide dynamics. Subtype identification relied on the presence of a SPW pattern in the LFP trace and its shape. The characteristics of SPW patterns and ripple oscillations in the hippocampal CA1 subfield suggested differences in subthreshold activity of the underlying neural populations. Importantly, such differences at the mesoscopic level were complemented by differences in brainwide signatures mapped with NET-fMRI. Our results demonstrate significant modulation of two brain-wide networks linked to hippocampal-dependent memory functions: one involving associative neocortex, and another one involving subcortical and specifically neuromodulatory structures.
It is unlikely that our results are an effect of fluctuations in the levels of anesthesia (in the case of the four anesthetized animals), because the low-frequency LFP activity over the theta range was stable over time for each experimental session. Furthermore, the occurrences of SPW-R complex subtypes showed no apparent clustering in time for different event types and were comparable to those observed in experimental sessions from one drug-free animal, recorded during quiet wakefulness.
Identification of Four Subtypes of the SPW-R Phenomenon. We have demonstrated that hippocampal LFP dynamical variability during SPW-Rs can be summarized into four typical signatures. Each signature corresponds to a specific relationship between SPWs and ripple oscillations: high-frequency oscillations preceding, following, or coinciding with the peak of the SPW of dendritic depolarization, as well as high-frequency oscillations with no clear SPW signature. Such highly structured variability suggests differentiated underlying neural mechanisms, possibly associated with different memoryrelated functions.
Some SPW-R subtypes reported in the present work are in agreement with recently reported SPW-R signatures in slice models (32, 33) . However, Hofer et al. (32) report only two event classes based on the SPW polarity in CA3. In contrast, Reichinnek et al. (33) have also observed two SPW-R event classes, differing only in SPW amplitude. The discrepancy between previously reported results and ours may be due to the chosen SPW-R detection protocol, solely based on SPW amplitude and visual inspection (33) , and also to the limitations inherent to slice models, unable to reproduce the effect of long-range brain interactions.
The observed variability of LFP profiles during ripples suggests a different spatiotemporal repartition of extracellular currents in the CA1 microcircuits, possibly resulting from the differences in the recruitment of-and interactions betweenthe underlying neuronal subgroups. Indeed, several inhibitory and excitatory subgroups of neurons interact during SPW-R episodes, and their nonhomogenous spatial configuration can affect the spatial distribution of extracellular activity. For instance, Mizuseki et al. (34) report differential involvement of the two CA1 pyramidal sublayers, having distinct phase shifting with respect to the theta rhythm during rapid eye movement (REM) sleep, and they further indicate that REM shifting cells were more strongly associated with SPW-R activity, compared with that of non-REM shifting cells. Whether these two sublayers are differen- tially involved during SPW-R subtypes and are at the origin of the observed LFP characteristics remains an open question.
Another candidate for modulating the physiological properties of SPW-R is the influence of CA3. In particular, gamma oscillations during SPW-R are assumed to play a central role in coordinating CA3 and CA1 cell assemblies during memory replay (31) . We discovered that a gamma rhythm is ubiquitous in all SPW-R subtypes. Specifically, we found a transient increase in gamma power concomitant with the occurrence of SPW-R episodes, and barring the detailed single-unit analysis, we found similar SWR-gamma correlates as those reported in ref. 31 . Thus, gamma-related mechanisms mediating CA3-CA1 interactions during SPW-R episodes seem to be independent from the mechanisms generating the SPW-R diversity.
Additional discussion about the possible influence of the recording locations and the local circuits in stratum pyramidale within CA1 in relation to our results can be found in SI Section D. Although the above comments discuss modifications of hippocampal neural activity that might explain our LFP observations, we hypothesize that these changes may in turn result from the influence of other brain structures.
SPW-R Subtypes Relate to Differentiated Neuromodulatory Activities.
Modulations in amplitude of the BOLD responses in subcortical domains suggest the involvement of two neuromodulatory structures directly connected to hippocampus in the SPW-R phenomenon, namely dorsal raphe nucleus and LC. Due to the transient nature of the examined neuronal events, the lack of clustering of the SPW-R subtypes, and their NET-fMRI correlates, it is likely that our study reflects short-duration "phasic" changes, rather than tonic neuromodulatory effects spanning over 10 s or larger timescales.
A dense noradrenergic and serotonergic innervation is present in the hippocampus proper, exerting modulatory effects in the activity of microcircuits. For instance, LC deactivation is involved in switching cortex and hippocampus to inactive states (35) . However, LC neurons exhibit also phasic modes of activity, with bursts of activity of 15-to 70-ms duration, followed by a 300-to 700-ms period of suppression (36) . Experimental evidence suggests that the timescales of interactions between LC and hippocampus (∼1-2 s) (37) are compatible with the scale of occurrence of individual ripple episodes. Although the hypothesis that differentiated SPW-R complexes emerge partly as a result of LC inputs remains to be tested using more direct methods, it has been shown that decision making under uncertainty involves LC (38) . Moreover, SPW-Rs are more frequent after task modifications, such as exposing an animal to a second novel environment (18) .
In addition, nonclassical SPW-R subtypes may mark a differentiated involvement of the ascending serotonergic system. Notably, raphe projects to several subtypes of hippocampal GABAergic interneurons and may exert control on the E-I balance over local circuitry engaged during ripples via fast synapses (39) . Moreover, the capacity of raphe projections to selectively influence well-segregated groups of hippocampal parvalbumin (PV) expressing interneurons has been recently stressed (40) , raising the possibility of serotonergic control of neuronal circuits over timescales spanning the occurrence of single ripples (∼200 ms). This view is further supported by a recent study where groups of the three major PV cell classes are differentially modulated during ripples, suggesting that fast network episodes involve distinct inhibitory circuits (41), modulated at timescales at which raphe-hippocampal modulations may occur.
Hippocampal-Neocortical Interactions May Contribute to SPW-R Variability. We showed that SPW-R subtypes 1 and 4 (nonclassical SPW-Rs) in the hippocampus consistently led to lesser activation across different cortical domains compared with SPW-R subtypes 2 and 3 (classical SPW-Rs). Because our experiments were performed in anesthetized macaque monkeys without any previous behavioral training, the robustness of our results across sessions suggests that these differentiated signatures reflect different types of brain-wide dynamical processes involving memory traces, not necessarily accounting for differences in memory content per se.
Differentiated activations were detected in the posterior and anterior cingulate (PCC, ACC) (42), PFC (43) , and parietal cortices (44) . One possible explanation for these results is that increased cortical activity marks enhanced recurrent interactions between neocortex and hippocampus during classical SPWs. Taking into account hippocampal connectivity, two recurrent mechanisms might account for differentiated SPW-R patterns. First, entorhinal cortex (EC) input may modulate CA1 activity by episodes of persistent activity that occur concomitantly with neocortical up-down state transitions (45) . These neocortical-EC episodes develop at timescales similar to those of a typical burst of ripples, i.e., series of ripples with relatively short delays. Second, reentry may also be achieved at the scale of a single SPW-R event, through projections of medial entorhinal cortex (MEC) to CA1 stratum lacunosum moleculare (SLM) (46) . Layer-specific activation of MEC would be followed by a local depolarization of SLM with the delay of a single synapse, thus influencing the time course of single SPW-Rs (46) . In both scenarios, hippocampal activity could be controlled by recurrent activity within the local microcircuits and through cortico-hippocampal dialogue. These mechanisms might serve many purposes, such as volitional reactivation of a set of related memory traces or controlling the consolidation of new memories according to their relevance to preexisting memories and their reward value.
A Repertoire of Memory-Related Brain-Wide Events. To the best of our knowledge, the present study shows for the first time the existence of in vivo SPW-R subtypes occurring in the same recording site, and reflecting qualitative differences in brain activity within hippocampus and across cortical and subcortical domains. Processes such as memory reactivation, retrieval, and consolidation could exploit these brain-wide differences to fulfill different functions. Locally, the described SPW-R signatures may be the result of selective interactions between neuronal groups, involving varying degrees of network synchrony and dynamical E-I balance. This balance may be mediated by cortico-parahippocampal-hippocampal and subcortico-hippocampal interactions. Our results suggest these dynamical properties of local microcircuits are strongly intertwined with brain-wide interactions during SPW-R, possibly establishing distinct modes of selective processing and routing of information across multiple scales (SI Section D). The presented pattern classification will enable the characterization of SPW-Rs in behaving and natural sleep preparations and establish the functional role of each subtype. Finally, our approach could be used to better understand the underlying mechanisms of epileptiform events and more generally pathological phenomena (see ref. 47 for a perspective).
Materials and Methods
Surgical Procedures, Electrophysiology, and fMRI Recordings. Experimental and surgical procedures have been detailed in a previous study (27) . In summary, a total of 242 experiments (10 min each) spread over 12 sessions were carried out in anesthetized male rhesus monkeys (Macaca mulatta). Head holders and recording chambers were located stereotaxically based on high-resolution anatomical MRI scans. Recordings were conducted in the anterior part of the hippocampus in the right hemisphere of each animal. All recording hardware, including the electrodes and amplifiers for simultaneous fMRI and multisite electrophysiological recordings, was developed at the Max Planck Institute for Biological Cybernetics. Custom-made, multicontact, NMR-compatible recording electrodes were made from a carbon fiber composite baton with 500-μm diameter (R&G). The 2.6-mm-long tip grounded down to a diameter of 250 μm. Electrodes contained 10 contacts spaced 150 μm apart, with 6-10 targeting the structure of interest. Recording electrodes were positioned around the pyramidal layer of the hippocampal CA1 subfield (8) (9) (10) (11) (12) (13) (14) ), known to only mildly affect the magnitude and time course of neural and vascular responses (24, 48) . All experimental and surgical procedures were approved by the local authorities (Regierungspraesidium, Tübingen Referat 35, Veteriärwesen) and were in full compliance with the guidelines of the European Community (EUVD 86/609/EEC) for the care and use of laboratory animals.
Processing and Analysis of Neural Data. Analyses of electrophysiology and fMRI data were performed using MATLAB (The MathWorks). Signal denoising, electromagnetic interference elimination, and frequency band isolation procedures have been described in detail in a previous study (24) . In SI Section A, we describe the main signal processing and neuronal data analysis performed on the denoised broadband extracellular signals (0.05 Hz to 7 kHz).
